We show that very large paramagnetic moments are created in ultrathin Pd layers through 
before.
In this paper, we report direct evidence of static, indirect exchange coupling acting on Pd moments in a F/N/Pd superlattice. Using Pd L-edge x-ray magnetic circular dichroism (XMCD), we find sizeable average magnetic moments in Pd, induced by indirect exchange with Ni 81 Fe 19 (Py) through Cu spacers, roughly 3% in magnitude of those induced by direct exchange. The magnitude of the induced moment reflects an effective interlayer exchange coupling energy J ex between Py and Pd which is roughly two orders of magnitude stronger than that present in the Co/Cu/Co system, assuming the bulk paramagnetic susceptibility for Pd.
I. EXPERIMENT
Two multilayers were prepared by DC magnetron sputtering under computer control.
Base pressure was 2×10 −7 Torr, working pressure was 1.5 mTorr Ar, and deposition rates were 0.24 nm/s for Cu and ∼ 0.1 nm/s for other layers. Each multilayer was deposited on ion-cleaned Si/SiO 2 substrates, with buffer layers of Ta(5nm)/Cu(3nm) to promote (111) fiber texture 18 , and was capped with Py(5nm)/Cu(3nm)/Ta(5nm). Each multilayer consisted of 20 repeats, as substrate/seed/[repeat] 20 /cap. For the sample in which we investigated Pd moments induced by direct exchange with the Py layers, the repeat unit was [Py(5nm)/Pd(2.5nm)]. We will refer to this sample as "Py/Pd." For the sample in which we investigated Pd moments induced by indirect exchange with the Py layers, through Cu(3nm), the repeat unit was [Py(5nm)/Cu(3nm)/Pd(2.5nm)/Cu(3nm)]. We will refer to this sample as "Py/Cu/Pd." The total Pd thickness in each multilayer was thus 50 nm; each Pd layer consists of roughly 11 monolayers, assuming the bulk FCC lattice constant of 3.89
A.
Pd L-edge XMCD was measured at Beamline ID-12 at the European Synchrotron Radiation Facility (ESRF) 19 . The first harmonic of the helical undulator HELIOS II was used to provide circularly polarized X-rays in the energy range between 3.15 and 3.37 keV. At these energies, the Bragg angle of the Si <111> double crystal monochromator is close to the Brewster angle of 45 • , with a consequent reduction of the circular polarization rates from 97% to about 12.6% at the Pd L 3 edge (3165 eV) and 21.9% at the Pd L 2 edge (3323 eV).
The samples were mounted in a vacuum chamber inserted between poles of an electromagnet generating a magnetic field of 0.6 T. The incident X-ray beam was parallel/antiparallel to the direction of applied magnetic field, while the angle of incidence at the sample was ∼15
• .
All spectra were recorded in total fluorescence yield detection mode (TFY). The sample was kept at room temperature. XMCD signals were recorded by flipping the direction of magnetic field at each energy point of the spectra. To eliminate any possible experimental artifacts, the XMCD spectra were measured for two opposite helicities of X-rays. Data acquisition time for each edge was ∼ 12 h, thus ∼ 48 h for the two samples characterized
here.
For quantitative analysis, the XMCD spectra were corrected for incomplete circular polarization and normalized, setting the x-ray absorption above the L 3 edge equal to unity and to 0.5 above the L 2 absorption edge. To derive the spin and orbital moments carried by the Pd 4d electrons, the so-called magneto-optical sum rules 9, 20 were applied to the normalized XMCD spectra, using
and
where A 2 and A 3 denotes the integrated XMCD intensities at the L 2 and L 3 edges, respectively, n 4d is the number of holes in the Pd 4d bands, σ tot is the total absorption crosssection corresponding to 2p → 4d transitions, and < T z > is the expectation value of the spin magnetic dipole operator. In the analysis, the contribution of < T z > was neglected.
Following the well established procedure in ref. 10 , the normalized X-ray absorption crosssection per 4d-hole, n 4d /σ tot , was determined by subtracting the Ag-foil L 2,3 spectra from the experimental Pd L 2,3 spectra measured on a pure Pd thin film (not shown) and taking the theoretical value for the difference in the 4d holes, 0.92. The same procedure was applied to estimate the number of holes n h,4d on Pd atoms in the samples.
II. RESULTS
Pd L 2,3 -edge x-ray absorption near-edge structure (XANES) and x-ray magnetic circular dichroism (XMCD) spectra are shown for the Py/Pd and Py/Cu/Pd samples in Figure 1 .
A silver-metal XANES spectrum is shown for comparison. The Pd XANES white lines at compared with the Py/Cu/Pd sample. This is attributed to a difference in the number of Pd 4d−holes, as indicated in Table I We comment on some more subtle features of the spectra. There is a slight shift in the Pd L 3 and L 2 peaks towards higher energies in the Py/Cu/Pd sample compared with the Py/Pd sample, by ∼ 2 eV. No background has been subtracted from the XANES spectra in the data presented; the shift is present in the raw XMCD data as well. We regard this to be a real effect, due to changes in the 4d−band occupation in the multilayer. Second, there are spectral features at 3187 and 3345 eV in the XMCD, corresponding to the first EXAFS wiggles in the corresponding absorption spectra. These features are tentatively assigned to magnetic EXAFS, and are more pronounced in the Py/Cu/Pd sample because the XMCD signal is much weaker.
The sum-rules-extracted moments are tabulated in Table I . We find that the moment 
III. DISCUSSION
In the past, interlayer exchange coupling (IEC) energies have been estimated through effective fields acting on (fixed magnitude) ferromagnetic moments M s . In cgs units, the energy splitting is ∆E = −J ex /t F M , with effective field
For Co/Cu(100), t Cu ≃ 2.1 nm, Qiu et al 22 determined an interfacial exchange coupling parameter of J ex = 0.05 erg/cm 2 from magnetooptical Kerr effect (MOKE) measurements of wedged trilayers, or a saturation field of ∼ 80 G, after the second antiferromagnetic maximum.
In our experiment, the interfacial interlayer exchange coupling creates a magnetic moment in Pd, rather than simply shifting its saturation field. We will infer an exchange energy from the induced moment assuming the bulk paramagnetic susceptibility of Pd. The induced moment M P d from an exchange energy splitting ∆E ex is M P d = 2F µ B N 0 ∆E ex , where F is the Stoner factor, µ B is the Bohr magneton, and N 0 is the density of states at the Fermi energy of Pd. We estimate the total IEC exchange energy acting on the Pd, to generate the moment, as
We find that the moment induced through indirect exchange is significantly larger than that expected from interlayer exchange coupling and the bulk paramagnetic susceptibility.
Taking the observed M P d = 0.0038 µ B /at, N 0 ≃ 1.3/(eV · at · spin) 23 , and the bulk F ≃ 9.2
gives ∆E ex = 150 µeV/at. An atomic volume of V = a 3 /4 = 14.7Å 3 /at can be applied to estimate the interfacial exchange coupling by J ex = +∆E t P d /V , given an assumed value of F . Note that the estimate of J ex would not change if we assumed that the Pd magnetic moment is generated only in a few interface layers: the experimental moment M and the conversion J ex /∆E would change by the same proportionality.
In the experiment, we can probe only the F ·J ex product. Assuming the bulk paramagnetic susceptibility enhancement factor F , the interfacial indirect exchange coupling energy, J ex = +4.3 erg/cm 2 , will be two orders of magnitude (215 x) stronger than that seen in . This is an "existence proof" that magnetic order can be induced in one bulk paramagnet through another bulk paramagnet. However, adjusted for thickness, the induced Ir moment is significantly weaker than our observation for Pd in [Py(5nm)/ Cu(3nm)/ Pd(2.5nm)/ Cu(3nm)] 20 : the moment-Pd (-Ir) thickness product is comparable, and a variation as 1/t 2 P t would reduce the Ir moment by an order of magnitude at 3 nm. Moreover, the mechanism may be different, as it is also less clear that the induced Ir moment relates to RKKY through the Pt, given the absence of oscillatory coupling seen in Co/Pt.
13
A possible interpretation for the large exchange coupling J ex in the Py/Cu/Pd structure is that the measured value is dominated by direct contact of Py and Pd through discontinuities ("pinholes") in the 3nm Cu layers. However, we do not believe that this is likely. First, a cross-sectional TEM image (Figure 3 
IV. SUMMARY
We have shown that Pd, with its greatest tendency towards ferromagnetism of all paramagnets, can have significant magnetic order induced through long-range indirect exchange through 3 nm of Cu. Estimated values for the exchange coupling strength between ferromagnetic permalloy (Py) and Pd are two orders of magnitude larger than those found in the Co/Cu/Co system.
Our results have some implications for the understanding of damping enhancement through spin pumping, or dynamic exchange coupling 28 . Static and dynamic interlayer exchange couplings are not typically calculated on equal footing. Widely used models for the damping enhancement 29, 30 assume that electron momenta are randomized at the interfaces.
This implicitly assumes near-zero static exchange coupling, justified to date because the Cu thicknesses typically investigated in spin pumping studies, > 3 nm, are beyond the range where RKKY is strong, and since no RKKY mechanism has been obvious in heterostructures of F/Cu/4d, 5d "spin sink" metals.
Our experimental results call both these assumptions into question for F/Cu/Pd: the RKKY mechanism is evidently nonnegligible at 3 nm and stronger than expected from studies with two F layers. It is possible that where the IEC is strong, it has a measurable effect on the damping enhancement ∆α: Costa et al 31 predict that a component of ∆α-nearly half the asymptotic value for Co/Cu/Co(100), for t Cu of a few monolayers-does indeed oscillate with the same period as the IEC. Because of the complicated nature of the FMR spectra for strongly coupled F layers, it has been difficult to investigate the predicted behavior. Our results suggest that the Py/Cu/Pd system, with a single FMR mode but evidently strong coupling, is suitable for studies of the interplay between static and dynamic coupling.
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